The HOMA (Harmonic Oscillator Model of Aromaticity) index, reformulated in 1993, has been very often applied to describe π-electron delocalization for mono-and polycyclic π-electron systems. However, different measures of π-electron delocalization were employed for the CC, CX, and XY bonds, and this index seems to be inappropriate for compounds containing heteroatoms. In order to describe properly various resonance effects (σ-π hyperconjugation, n-π conjugation, π-π conjugation, and aromaticity) possible for heteroatomic π-electron systems, some modifications, based on the original HOMA idea, were proposed and tested for simple DFT structures containing C, N, and O atoms. An abbreviation HOMED was used for the modified index.
Introduction
The geometries of molecules, as well as their energetic and magnetic properties, provide principal information about electron distribution, particularly that related to π -electron delocalization. To
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hyperconjugation, conjugation, aromaticity, tautomerism, proton-transfer, and/or hydrogen bonding, may take place [10, 11, [36] [37] [38] [39] [40] . We analyzed π-electron delocalization for simple σ-π hyperconjugated, n-π conjugated, π -π conjugated, and aromatic compounds including those displaying prototropic tautomerism.
Results and Discussion

Original HOMA Index (oHOMA)
The principal idea of the geometry-based index, proposed in 1972 by Kruszewski and Krygowski, was based on the harmonic oscillator model of aromaticity [20, 21] . In order to describe deviation of the bond lengths from its optimal value, the HOMA index was defined according to equation (1) . We use here an abbreviation oHOMA for the original index to distinguish it from that reformulated in 1993. In equation (1), n is the number of bonds taken into account, R o is the appropriate optimum bond length, and R i is the real bond length. A factor of 98.89 is the normalization constant for the CC bond, and fulfils the following conditions: oHOMA = 0 for the Kekulé structure of benzene, and oHOMA = 1 for benzene. The same normalization factor (98.89) was applied for the CX bonds in heterocycles containing the odd and even number of bonds [22, 23] . The R o bond length was calculated according to equation (2) using the harmonic oscillator method of optimization. In equation (2), R s and R d are the reference single and double bond lengths, and ω is the ratio of stretching force constants for pure double and pure single bonds. The ω ratio close to 2 was taken for the CC and CX bonds [13, 16, [20] [21] [22] [23] [24] 41] . oHOMA = 1 − 98.89/n⋅Σ(R o − R i ) 2 (1)
The C−C single bond in ethane, the C−N single bond in methylamine, and the C−O single bond in methanol were proposed for the reference R s bonds [20] [21] [22] [23] . In some cases, the R s value for propane was also considered [22] . The C=C double bond in ethene, the C=N double bond in methylimine, and the C=O bond in formaldehyde were proposed for the reference R d bonds [20] [21] [22] [23] . For all reference molecules, weak electron delocalization (e.g., hyperconjugation in ethane, methylamine and methanol [40, [42] [43] [44] [45] ) takes place, and thus, the reference CC and CX bonds could be treated as almost pure single and pure double bonds. The oHOMA values estimated for simple heteroaromatic compounds are close to unity [22, 23] .
Parametrization, i.e., oHOMA = 1 for fully aromatic systems and oHOMA = 0 for fully nonaromatic systems, is a fundamental concept of the HOMA index. According to this concept, benzene with equal CC bond lengths (R o = 1.397 Å) was taken as a model for fully aromatic system. On the other hand, the Kekulé structure of benzene with alternating C−C single and C=C double bond lengths, equal to those for the reference molecules, ethane (R s = 1.524 Å) and ethene (R d = 1.334 Å), respectively, was proposed for fully non-aromatic system. For such hypothetical (restricted) 1,3,5-cyclohexatriene structure, the C−C and C=C bonds were considered as almost pure single and almost pure double bonds, and consequently, it was assumed that solely weak electron delocalization may be expected.
However, the assumption that 1,3,5-cyclohexatriene is a fully non-aromatic system may be considered as false. In the literature, numerous quantum-chemical data have been reported from which completely different conclusions have been derived. For example, in 1994 Kutzelnigg and coworkers [46] , using the IGLO (Individual Gauge for Localized Orbitals) method, found only little reduction of aromaticity when benzene was deformed to a 1,3,5-cyclohexatriene geometry. Two planar structures with all angles equal to 120° were considered for cyclohexatriene, one structure with alternating single and double bond lengths equal to 1.501 and 1.336 Å, and the other one with the C−C and C=C bond lengths equal to 1.479 and 1.323 Å, respectively. In both cases, the C−C single bonds are remarkably shorter than that for ethane (1.524 Å) indicating some electron delocalization in the system. The IGLO calculations of the magnetic susceptibility tensors, as well as of the 1 H and 13 C shielding tensors,
showed only little reduction of magnetic aromaticity when proceeding from benzene to the hypothetical structures of cyclohexatriene. This phenomenon was confirmed recently by Corminboeuf and coworkers [47] , who combined the BLW (Block-Localized Wave-function) scheme with the IGLO method and applied to benzene and cyclohexatriene. The BLW-IGLO study showed that deformation of benzene to a cyclohexatriene geometry with the C−C (1.527 Å) and C=C (1.330 Å) bond lengths close to those for ethane and ethene decreases moderately magnetic and energetic parameters of aromaticity. This was explained by the π overlap and cyclic delocalization which only is diminished modestly by bond lengths alternation. Fully non-aromatic system can be found by the BLW-IGLO method when the π-π conjugation is eliminated by blocking all three π orbitals. Blocking only a single π bond also disables the π ring current completely. This phenomenon cannot be detected by variations of geometrical parameters.
Reformulated HOMA Index (rHOMA)
To distinguish the π-electron delocalization, and to study the inter-and intramolecular interactions such as H-bonds and internal (substituent) effects in strongly conjugated aromatic systems, Krygowski reformulated the HOMA index in 1993, and proposed equation (3) , where n, R o and R i have the same meaning as in equation (1) [24] . Following the Jug and Koester concept of resonance coordinate [25] , some new reference molecules were proposed. For example, 1,3-butadiene and formic acid were used for the CC and CO bonds, respectively. π-Electrons are moderately delocalized in these molecules by π-π conjugation in 1,3-butadiene, CH 2 =CH−CH=CH 2 ↔ − :CH 2 −CH=CH−CH 2 + ↔ + CH 2 −CH=CH−CH 2 : − , and by n-π conjugation in formic acid, :OH−CH=O ↔ + OH=CH−O: − [41] . However, for the CN bonds the same reference molecules of slight electron delocalization, methylamine and methylimine, were employed for rHOMA, similarly as for oHOMA. For other CX and XY bonds, compounds of different electron delocalization were used. This reformulation involved a necessity of use of the normalization α constant for each type of bond. The α constants, calculated from equation (4) , have been applied for the systems containing the odd and even number of bonds, for cyclic and acyclic compounds, for the whole molecules and also for their fragments [13, 16, 18, 24, [28] [29] [30] .
Consequently to the use of different measures of π-electron delocalization for the CC, CX, and XY bonds in the reformulated HOMA index, the α(CC), α(CX), and α(XY) constants are not the same. [13, 16, 24] . Hence, it is not wonder that application of the reformulated HOMA index to heteroatomic systems has led to unexpected results [13, 16, 18, [26] [27] [28] [29] [30] . For example, the rHOMA value is close to zero for furan (0.298), whereas it is close to unity for pyrrole (0.876) [16] . When the CH groups are replaced in the ring by the N-aza groups, surprisingly, the rHOMA values increase (to 0.332, 0.527, and 0.586 for 3-aza-, 2-aza-, and 2,3,5-triazafuran, and to 0.908, 0.926, and 0.960 for 3-aza, 2-aza, and 2,3,5-triazapyrrole, respectively [16] ). The variations of the rHOMA index are only numerical and have nothing common with real π -electron delocalization in heteroaromatic systems. They result mainly from the use of different measures of π-electron delocalization for the CC, CN, and CO bonds, i.e., from the use of already delocalized reference molecule for the CC bonds (1,3-butadiene, oHOMA = 0.687, rHOMA = 0.202), from the use of already delocalized reference molecule for the CO bonds (formic acid, oHOMA = 0.437, rHOMA = 0), and also from the use of slightly delocalized reference molecules for the CN bonds (methylamine and methylimine).
In the case of tautomeric systems containing sp 3 hybridized atoms, some unexpected results have been also observed for the rHOMA index [18, [26] [27] [28] [29] [30] . For example, σ-π hyperconjugation may take place for the keto and imine tautomers {>C(−H)−C(=X)− ↔ >C(H + )=C(−X: − )−, X = O and NH}, whereas n-π conjugation is possible for the enol and enamine forms {>C=C(−HX:)− ↔ > − :C−C(=HX + )−} [48] . Both resonance effects (with separation of charge) are considerably weaker than π-π and n-π conjugations occurring in heteroaromatic compounds. In many cases, they are also weaker than those for the reference molecules (1,3-butadiene and formic acid). Generally, for tautomeric π-electron systems the geometry-based indices should be lower than unity but larger than zero. However, in many cases the negative rHOMA values have been found [18, [26] [27] [28] [29] [30] . These results cannot be considered as lack of π-electron delocalization. They are solely a consequence of the use of the new reference molecules with different π-electron delocalization for the CC and CX bonds in the rHOMA procedure.
HOMED Index
Taking the discrepancies of the reformulated HOMA index into account, a necessity of modification of the geometry-based index has been signaled three years ago [31] . It has been found that equation (5) , which is similar to that (3) proposed for rHOMA, can be applied for the modified index. For the system containing the even number of bonds (2i), i.e., the same number of single (i) and double (i) bonds, the normalization α constant can be calculated from equation (4) proposed for the rHOMA index. However, equation (4) cannot be used for the systems with the odd number of bonds (2i + 1). For such systems, the α constant can be calculated from equation (6) or (7) . Equation (6) corresponds to the systems possessing (i + 1) single bonds and (i) double bonds, and equation (7) refers to the system having (i) single bonds and (i + 1) double bonds. In order to properly describe π-electron delocalization in cyclic and acyclic heteroatomic systems, we considered single and double CC, CX, and XY bond lengths in various simple molecules which could be employed as the reference molecules in the modified geometry-based index. We found that in the HOMED procedure, the simplest acyclic saturated molecules such as ethane, methylamine, and methanol can be used for the reference single C−C, C−N, and C−O bond lengths, and the simplest acyclic unsaturated molecules such as ethene, methylimine, and formaldehyde can be applied for the reference double C=C, C=N, and C=O bond lengths, similarly as it was proposed for the original HOMA index [20] [21] [22] [23] . At the B3LYP/6-311+G(d,p) level, the single CC and CX bond lengths for ethane, methylamine, and methanol are very close to those for cyclic six-membered compounds, cyclohexane, piperidine, and tetrahydropyran, respectively (Table 1) . Except cyclopentane, they are also close to those for cyclic five-membered compounds, pyrrolidine and tetrahydrofuran. For cyclopentane, the envelope conformation involves the non-equivalent CC bond lengths. In the case of unsaturated compounds, the simplest acyclic molecules are less delocalized than the five-and six-membered ones. Due to σ-π hyperconjugation possible for cyclopentene, cyclohexene, 1-pyrroline, cyclopentylimine, 3,4,5,6-tetrahydropyridine, cyclohexylimine, cyclopentanone, and cyclohexanone, their C=C and C=X bonds are slightly longer than those for ethene, methylimine, and formaldehyde ( Table 2 For the optimum (R o ) bond lengths, we considered various molecules, for which the equalization of the CC, CX, and XY bonds takes place. Since the CC, CN, and CO bond lengths (Table 3) depend on the geometry of the system and on the charge (0, +1, +2, −1, or −2), we selected the simplest aromatic six-membered molecules, benzene and s-triazine, for the optimum CC and CN bond length, respectively. In the case of the CO bond, to our knowledge, there is no neutral, symmetric, and aromatic molecule with complete delocalization of π-electrons. Therefore, the CO bond length in the branching Y-conjugated molecule-protonated carbonic acid, (HO) 3 C + , was selected for R o . Note that analogs Y-conjugated guanidinium cation, (H 2 N) 3 C + , possesses the CN bond length (1.335 Å) very close to that of s-triazine (1.334 Å). Table 4 summarizes the R s , R d , and R o values selected for the HOMED procedure. The normalization α constants calculated according to equations (4), (6) , and (7) for even (2i) and odd (2i + 1) number of bonds are given in Table 5 . From a mathematical point of view, the procedure of the HOMED index is the same as that of the reformulated and original HOMA index [20] [21] [22] [23] [24] 31] . Solely the reference R s , R d , and R o bond lengths and the normalization α constants are different. The HOMED index describes the same phenomenonshortening of the single bond and lengthening of the double bond due to π-electron delocalization in the system. The choice of the simplest compounds for the reference molecules gives the possibilities to measure the strength of any type of resonance conjugation, weak σ-π hyperconjugation, medium n-π and π-π conjugation, and strong aromaticity in any type of π-electron heteroatomic system.
Non-aromatic π-electron Systems
For acyclic π-electron systems of general formulae H 3 C−Y=X and HZ−Y=X, one part of the atoms (C or other atom in Z group) occurs in the sp 3 state of hybridization and the other ones (atoms in X and Y groups) in the sp 2 state of hybridization. Two types of resonance conjugation are possible: σ-π hyperconjugation (8) and n-π conjugation (9), respectively [48] . For acyclic polyenes and their N or O analogs of general formula Y=B−A=X, each atom in A, B, Y and X group has the sp 2 state of hybridization, and π-π conjugation (10) takes place. For all these conjugated π-electron systems, various resonance structures with separation of charge can be written. According to the general rules of writing resonance contributors, the structures with separation of charge are less important in the resonance hybrid than those without separation of charge. Since the resonance structures are nonequivalent, acyclic π-electron systems are usually less delocalized than aromatic ones for which the complete delocalization is possible. To test the geometry-based HOMED index for hyperconjugated acyclic π-electron systems, we chose the simplest triad molecules of general formula H 3 C−CH=X such as propene (X = CH 2 ), E-acetaldimine (X = NH), and acetaldehyde (X = O). For one of them (propene), various basis sets [35] and the DFT method [32] with the B3LYP functional [33, 34] were considered (Table 6 ). Calculations were also performed for the reference molecules (ethane, ethene, and benzene) at the same levels of theory. For comparison, the MP2 (second-order Möller-Plesset) perturbation [49, 50] with two basis sets, 6-31G(d) and 6-311++G(d,p), were applied. At each level of theory, the α constant values were calculated according to equation (4) . Although the bond lengths and the α constant values vary when proceeding from one level of theory to the other one, the HOMED values for propene, estimated according to equation (5) , are close to 0.33 at the DFT levels. They are only slightly larger than those estimated at the MP2 levels (0.32). This indicates that computational errors for the bond lengths almost cancel out in the HOMED procedure, and that the DFT results are not very different from those calculated at the MP2 levels. Calculations performed at the HF/6-31G(d) and HF/6-311++G(d,p) levels [35] lead to lower HOMED indices for propene (0.265 and 0.270, respectively) than those at the DFT and MP2 levels. Use of the polarization and diffuse functions has no important effect on the estimated HOMED values. It should be noted here that involvement of the H atoms in σ-π hyperconjugation does not require application of the diffuse function on these atoms, because in fact, the protons (not H atoms) are engaged in hyperconjugation. Hence, the bond lengths for the reference molecules as well as for propene, calculated with the use of the 6-31+G(d,p), 6-311+G(d,p), and 6-311+G(3df,2p) basis sets are almost the same as those calculated with use of the diffuse function on the H atoms, i.e., the 6-31++G(d,p), 6-311++G(d,p), and 6-311++G(3df,2p) basis sets. Differences in the calculated bond lengths are not larger than 0.0002 Å. Since the DFT(B3LYP)/6-311+G(d,p) level has been very often used in the literature to study the geometry of π-electron systems [10, 11, [36] [37] [38] [39] , we chose this level of theory for the HOMED estimation of all heteroatomic π-electron systems considered in this paper. Table 7 summarizes the HOMED indices for the DFT structures of the simplest triad molecules. The HOMED values were estimated using equation (5) , and parameters from Tables 4 and 5 for normal chain acyclic compounds with even number of bonds. σ -π Hyperconjugation is also possible for simple cyclic π -electron systems containing the −CH 2 −CH=X− fragments (X = CH or N). For comparison, we applied the HOMED procedure to various fragments of five-and six-membered derivatives. For the HOMED estimation, the DFT computed C−C and C=X bond lengths (marked with asterisks), equation (5), and parameters from Tables 4 and 5 were taken. All HOMED values, except that for cyclopentanone, are positive. They are not larger than 0.35. For cyclopentanone, the HOMED index has the negative value (−0.029). This is a consequence of slightly longer C −C bond length for cyclopentanone (marked with asterisks) than for the reference molecule (ethane). Longer C−C bond lengths are also for the envelope conformation of cyclopentane ( Table 1 ). The rHOMA indices calculated for the same DFT structures are also given in Table 7 . Almost all of them have strongly negative values (−1.9−0.1) contrary to the HOMED indices which are close to zero (0.0−0.3). The variation of the rHOMA indices is only numerical. It is a consequence of the use of different measures of π-electron delocalization for the CC, CN, and CO bonds.
Solely the HOMED indices can give direct information about π-electron delocalization. Being not very different from zero, they confirm that σ-π hyperconjugated structures and fragments are weakly delocalized. The σ-bonded substituents (CH 3 and CH 2 ) act as weak electron donors to the completely planar π-bonded Y=X moiety. This resonance effect dictates the product formation of numerous reactions in organic chemistry. Many substitution, addition, and condensation reactions can be understood and explained taking the σ-π hyperconjugation effect into account [48, 51] . Recently, it has been also suggested that hyperconjugation is responsible for the structure of σ -bonded organic compounds such as alkanes, alcohols, and amines [40, [42] [43] [44] [45] . The conformational preferences seem to be favored by this special type of resonance, not by steric repulsion. Many organic compounds such as enamines, enols, carboxylic acids, esters, amides, amidines, etc. are commonly known to be stabilized by electron delocalization [48] . They are particular cases of n-π conjugated heteroallylic systems which are isoconjugated to the allyl anion. Their structures can be described by a hybrid of at least three resonance contributors (9) . The conjugation between π-electrons of the Y=X double bond and n-electrons of the lone pair of Z has been often considered to explain the mechanisms of various organic reactions catalyzed by acids. It has been also used to analyze particular physicochemical properties such as hindered rotation, favored site of protonation, acid-base properties, etc. [48, 51] . Generally, the resonance model predicts that the electron delocalization in such systems is directly linked with the electronegativity of the double bonded atom (more electronegative atom, greater delocalization). However, theoretical studies and discussions on the origin of these properties questioned the resonance model [52, 53] . The resonance stabilization seems to not be the most important factor in leading to the increased hindered rotation, acidity, basicity, etc. Mó et al. [54] suggested that the rotational barrier is not a good measure of the 'pure' n-π conjugation.
To study quantitatively π-electron delocalization for heteroallyl systems and to test the HOMED index, we chose the simplest triad molecules of general formula HY−CH=X such as vinylamine (X = CH 2 Tables 4 and 5 for normal chain acyclic systems with even number of bonds are summarized in Table 8 . Generally, n-π conjugated heteroallyl systems are moderately delocalized. The HOMED values are larger than those for the corresponding σ-π hyperconjugated systems. They are between 0.4 and 0.8. The same trend is found for the n-π conjugated fragments (marked with asterisks) in cyclic systems, for which the estimated HOMED indices are also given in Table 8 . The variation of the HOMED indices is in good agreement with general knowledge of π-electron systems. Quite a different situation takes place for the rHOMA indices. They vary from −0.3 to 0.8. They are negative or close to zero for O-sp 3 derivatives, whereas they are positive for N-derivatives. This variation results solely from the use of different measures of π-electron delocalization for the CC, CN, and CO bonds. It has nothing common with intrinsic π-electron delocalization. For polyenes and their heteroanalogs, double bonds are separated by one single bond, and π-π conjugation takes place. This conjugation has been often considered to explain particular product formation in various addition reactions [48, 51] . The structure of polyenes can be described by a hybrid of different resonance contributors (10) . To study quantitatively π-electron delocalization in π-π conjugated polyenes and their heteroanalogs, and to test the HOMED index, we chose the simplest acyclic molecules with two double bonds of general formula H 2 C=Y−CH=X (X = CH 2 , NH or O, and Y = CH or N). We selected also trans-1,3,5-hexatriene and its mono-, di-, and tri-N analogs. For comparison, we studied the polyene fragments (marked with asterisks) included in five-and sixmembered cycles. The HOMED values estimated for the DFT structures according to equation (5) and parameters given in Tables 4 and 5 are summarized in Table 9 . Generally, π-π conjugated compounds and fragments are moderately delocalized similarly as n-π conjugated heteroallyl systems. The HOMED values are between 0.4 and 0.8. This variation describes properly π-electron delocalization contrary to the variation of the rHOMA indices. They vary from 0 to 0.6. They are close to zero for hydrocarbons and its O-derivatives, whereas they are larger than 0.2 for N-derivatives. This difference is only numerical. It is a consequence of the use of the new reference molecules with different π-electron delocalization.
Some simple acyclic molecules of general formula H 2 C=CH−X−CH=CH 2 and HX−HC=CH− CH=Y (X = NH or O, and Y = CH 2 , NH or O) can model π-electron delocalization in five-membered heteroaromatic systems such as pyrrole and furan. π -Electrons in H 2 C=CH − X − CH=CH 2 are delocalized by mixed double n-π conjugation (11) . π-Electrons in HX−HC=CH−CH=Y are delocalized by mixed n-π and π-π conjugations (12) . For both types of derivatives, the structures with separation of charge occur in the resonance hybrids. Thus, the resonance structures are non-equivalent. The HOMED indices (Table 10 ) estimated for the DFT structures according to equation (5) and parameters given in Tables 4 and 5 are not very different from those found for simple n-π and π-π conjugated compounds (Tables 8 and 9 ). This indicates that n-π conjugation included to the π-π conjugated system has not important effect on π-electron delocalization for the whole acyclic π-electron system. All compounds are moderately delocalized. The HOMED indices are between 0.5 and 0.8 contrary to the rHOMA indices which vary from −0.3 to 0.6. They are negative or close to zero for O-derivatives, whereas they are larger than 0.4 for N-derivatives. The variation of the rHOMA values does not describe properly π-electron delocalization. Table 9 . HOMED indices for π-π conjugated systems (rHOMA indices given in italic). Table 10 . HOMED indices for mix-conjugated (n-π and π-π) acyclic systems-models for pyrrole and furan (rHOMA indices given in italic). 
Formula
Aromatic Systems
It is well known that resonance conjugations which take place for heteroaromatics are not the same. They depend on the geometry of the system and/or on the type of heteroatom(s) present in the ring [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In the case of five-membered compounds such as pyrrole, furan, and their derivatives, mixed n-π and π-π conjugations are possible. These conjugations lead to non-equivalent resonance structures (13) , one without separation of charge (13a) and the others with separation of charge (13b-13e). Consequently, the complete delocalization of π-electrons is not possible. In the case of six-membered compounds such as pyridine and its derivatives, resonance π-π conjugation (14) leads to equivalent resonance structures without separation of charge (14a and 14b). Similarly as for benzene, π-electrons are completely delocalized. Quite a different situation takes place for the pyranyl ion and its derivatives (15) . Since the positive charge may be placed at different atoms (C, N, or O) , the resonance structures (15a-15e) are non-equivalent. Thus, π-electrons are less delocalized than those for benzene and its N-derivatives. Following the resonance effects, the HOMED indices (Table 11 ) calculated for the DFT structures of pyrrole and furan are larger than those for acyclic mix-conjugated systems (Table 10) , and they are lower than those for six-membered heteroaromatics such as pyridine and the pyranyl ion, respectively. The HOMED index for the pyranyl ion is also lower than that for pyridine. A replacement of the CH group by the N-aza atom in five-membered rings seems to reduce the HOMED index in higher degree for O-than N-derivatives. For six-membered rings, presence of the additional N-aza atom in azines does not destroy the complete π -electron delocalization in the system. For six-membered O-derivatives, the HOMED index strongly depends on the position of the N-aza atom. It decreases for 3-and 3,5-positions where the N atom may be near the C + atom (15c and 15e), and increases for 4-position where the N atom may take the positive charge (15d). Similarly as for acyclic π-electron systems, the rHOMA values do not describe properly π-electron delocalization in heteroaromatics. The rHOMA indices are close to zero for furan and its N-aza derivative. They are larger than 0.6 for pyrrole, imidazole, and the pyranyl ions, and almost equal to unity for azines. The rHOMA indices do not follow the resonance effects. 
.. Pyrones are particular cases of heterocyclic compounds. They are less delocalized (Table 12) than the pyranyl ion (Table 11 ). For α-(16) and γ-pyrone (17), mixed n-π conjugations are possible similarly as for furan. Moreover, the exo-carbonyl group may be conjugated with the endo-C=C or C=N groups or with the endo-O atom. Due to charge separation in the resonance structures (16b-16d and 17b-17d), the mixed conjugations lead to lower HOMED indices for α-(0.618) and γ-pyrone (0.666) than for the pyranyl ion (0.926). Presence of the N-aza groups reduces the HOMED values. The rHOMA indices are negative or close to zero. They do not follow the resonance and N-aza effects. . .
Tautomeric Systems
Intramolecular proton-transfer in tautomeric systems includes always the migration of π-electrons [18, [55] [56] [57] [58] . In many cases, π -electron delocalization (e.g., aromaticity) dictates the tautomeric preferences. For example, the NH tautomers of pyrrole and imidazole (Scheme 1), strongly stabilized in the ring by mixed n-π and π-π conjugation, are favored in the tautomeric mixture [55] . Their HOMED indices (Table 13 ) are close to 0.9. When the C atoms take the moving proton in pyrrole and imidazole, they loss the sp 2 state of hybridization and the rare CH tautomers become non-aromatic.
They are considerably less delocalized than the NH tautomers due to weaker mixed σ-π and π-π conjugation. The HOMED indices estimated for the whole five-membered CH forms (five bonds) are between 0.3 and 0.5. Similar difference in π-electron delocalization is found for the simplest enamine and imine tautomers given also in Table 13 . The σ-π hyperconjugated imine forms are less delocalized and have lower HOMED indices than the n-π conjugated enamine forms. Principal difference takes place for the relative energies. The enamine forms have larger G values. Although the enamine forms are more delocalized, they are not favored in the tautomeric mixtures. The stability of functionalities (imine groups) seems to determine the tautomeric preferences in non-aromatic systems. An application of the rHOMA procedure leads to similar general conclusion. However, the rHOMA indices do not describe properly the resonance effects because different measures of π-electron delocalization were used for the reference CC, CN, and CO bonds. The rHOMA values are negative for the imine forms and positive for the enamine forms. . .
In the case of simple six-membered rings with one exo-OH or NH 2 group (Scheme 2), aromaticity seems to be also the principal factor that dictates the tautomeric preferences (Table 14) . For phenol, the hydroxy tautomer is favored [55, 57] . This form is well delocalized due to cross n-π conjugation of the exo-OH group with the π-π conjugated phenyl ring. The HOMED index is close to 0.9 for the whole tautomeric system including the exo-OH group (seven bonds). The same is true for aniline. The well delocalized amine tautomer is favored. In this form, the exo-NH 2 group is cross n-π conjugated with the π-π conjugated phenyl ring. The HOMED index is close to 0.9 for the whole tautomeric system including the exo-NH 2 group (seven bonds). When the C atoms take the moving proton in phenol and aniline, they lose the sp 2 state of hybridization. The rare CH tautomers are non-aromatic (HOMED close to 0.5). They are considerably less delocalized than phenol and aniline due to weaker mixed conjugation (σ-π and π-π). The N-aza atoms at 2,4-and 2,6-positions in the ring are able to change the tautomeric preferences when going from phenol and aniline to pyrimidine nucleobases (uracil, thymine, and cytosine), which prefer the amide forms [59] [60] [61] . Moreover, stability of functional groups (the amide functions) seems to dictate the tautomeric preferences in nucleobases. Aromaticity plays a secondary role. π-Electron delocalization is also less important factor in acyclic keto-enol and imine-enamine tautomeric systems for which less delocalized keto and imine forms are favored in the tautomeric mixtures (Table 14) . Although the rHOMA indices follow this general trend, their values have no physicochemical sense, because different measures of π-electron delocalization were used for the reference CC, CN, and CO bonds. The rHOMA values are negative for the keto and imine forms, and positive for phenol, aniline, and for the other imine forms. For the non-aromatic enol forms, the rHOMA values are negative. 
